The opportunistic pathogen Pseudomonas aeruginosa is a frequent colonizer of the airways of patients suffering from cystic fibrosis (CF). Depending on early treatment regimens, the colonization will, with high probability, develop into chronic infections sooner or later, and it is important to establish under which conditions the switch to chronic infection takes place. In association with a recently established sinus surgery treatment program for CF patients at the Copenhagen CF Center, colonization of the paranasal sinuses with P. aeruginosa has been investigated, paralleled by sampling of sputum from the same patients. On the basis of genotyping and phenotypic characterization including transcription profiling, the diversity of the P. aeruginosa populations in the sinuses and the lower airways was investigated and compared. The observations made from several children show that the paranasal sinuses constitute an important niche for the colonizing bacteria in many patients. The paranasal sinuses often harbor distinct bacterial subpopulations, and in the early colonization phases there seems to be a migration from the sinuses to the lower airways, suggesting that independent adaptation and evolution take place in the sinuses. Importantly, before the onset of chronic lung infection, lineages with mutations conferring a large fitness benefit in CF airways such as mucA and lasR as well as small colony variants and antibiotic-resistant clones are part of the sinus populations. Thus, the paranasal sinuses potentially constitute a protected niche of adapted clones of P. aeruginosa, which can intermittently seed the lungs and pave the way for subsequent chronic lung infections.
Introduction
Pseudomonas aeruginosa is an opportunistic pathogen capable of causing chronic infections in the airways of cystic fibrosis (CF) patients, where it is the predominant pathogen associated with morbidity and mortality (Koch, 2002) . Patients often acquire intermittent colonization of the lungs from early childhood, which eventually proceeds into chronic lung infection where the same bacterial lineage can persist for decades (Høiby et al, 2005; Jelsbak et al., 2007) . In this process, P. aeruginosa is subjected to strong selection in the host environment leading to substantial genetic change and diversification. Many characteristics of chronically infecting strains are consistently selected in different CF patients, suggesting that adaptation occurs with conserved patterns of evolution (Nguyen and Singh, 2006; Smith et al., 2006; Yang et al., 2011) . These characteristics include enhanced antibiotic resistance, changes in nutrient utilization, overproduction of the mucoid exopolysaccharide alginate, reduction in growth rate and loss of O-antigen, motility, type III secretion and quorum sensing (Lam et al., 1980; Hancock et al., 1983; Mahenthiralingam et al., 1994; Dacheux et al., 2001; D'Argenio et al., 2007; Yang et al., 2008; Hoffman et al., 2010) . In addition, the initial infecting strains of P. aeruginosa often diversify into subpopulations with distinct colony morphologies (Wahba and Darrell, 1965; Thomassen et al., 1979) . Major selective factors in the CF airways are believed to be the host immune system, nutrient composition and antibiotic treatments, and consequential adaptive changes of the bacterial phenotypes can seriously affect disease outcome and progression (Deretic et al., 1995; Haussler et al., 1999; Parad et al., 1999; Hoffman et al., 2009) .
Initial colonizing strains primarily originate from the environment, each event usually with a unique genotype, displaying wild-type characteristics with a non-mucoid and antibiotic-susceptible phenotype (Burns et al., 2001) . The early stages of lung disease have therefore been recognized as windows of opportunity to eradicate P. aeruginosa (Burns et al., 2001) , and clinical trials have shown that early aggressive treatment is beneficial for the patient and delays transition into a chronic infection (Høiby et al., 2005; Taccetti et al., 2005) . Following eradication, a new acquisition is often with a different genotype, but some studies have shown that in approximately 25% of the cases re-colonization occurs with the same genotype of P. aeruginosa (Munck et al., 2001; Gibson et al., 2003; Doring et al., 2006) . Re-colonization could be either from a persistent environmental source or from an undetected reservoir in the patient upper airways such as the paranasal sinuses (Jelsbak et al., 2007) . Only few reports have addressed the role of the upper airways, and these studies suggest that the paranasal sinuses can be a possible gateway and reservoir for lung infection in CF patients (Taylor et al., 1992; Dosanjh et al., 2000; Muhlebach et al., 2006; Mainz et al., 2009) . The mechanism may be aspiration during sleep or when suffering from a viral infection (Huxley et al., 1978) . The mucous membrane lining of the paranasal sinuses is similar to that of the conductive bronchi and the mucociliary clearance of the sinuses is impaired in CF patients by malfunction of the CF transmembrane regulator as is also the case in the lower airways. Therefore, the physiological properties and environment of the sinuses and lungs are similar (Aanaes et al., 2011) . The consequences of bacterial colonization for the sinuses are detention of thickened mucus, chronic inflammation and sinonasal abnormalities that affect almost all patients from an early age (Robertson et al., 2008) . The fair majority of CF patients acquire a chronic bacterial sinusitis with varying degrees of symptoms (Coste et al., 1995; Gysin et al., 2000; Robertson et al., 2008) . When colonization of the sinuses occurs, the microbiota of the sinuses and lower airways are quite similar, and identical genotypes of P. aeruginosa (and other pathogens) can be isolated from both sites (Dosanjh et al., 2000; Muhlebach et al., 2006; Mainz et al., 2009) . Little is known about the dynamics of the interchange of P. aeruginosa between upper and lower airways in the early stages of lung disease, and the role of the sinuses in the development of chronic lung infection needs further elucidation. Here we have investigated populations of P. aeruginosa in the combined airways of a number of children suffering from CF, and based on genotypic and phenotypic data, we conclude that the paranasal sinuses may constitute an important niche for bacterial adaptation from which subsequent persistent infections in the lungs of the patients may be established.
Materials and methods
Bacterial strains, plasmids and culture conditions Strains and plasmids used in this study are listed in Table 1 . P. aeruginosa and Escherichia coli were routinely grown in Luria-Bertani (LB) medium or LBagar at 37 1C, unless noted. Antibiotics were used at the following concentrations: 30 mg ml À1 gentamycin, 200 mg ml À1 carbenicillin and 100 mg ml À1 ampicillin for P. aeruginosa; and 15mg ml À1 gentamycin and 100 mg ml À1 ampicillin for E. coli.
CF patients and clinical isolates
A total of 46 patients from the Copenhagen CF Center, Rigshospitalet, were included in a longitudinal study where first and subsequent lung colonizing isolates were stored from the beginning of 2005 until conclusion in July 2009 (Supplementary Table S1 ). This group included the majority of young CF patients who acquired their first P. aeruginosa within the study period. Patients were monitored on a monthly basis in the outpatient clinic by evaluation of their clinical status, pulmonary function and microbiology of lower airway secretions that were obtained by expectoration, endolaryngeal suction or bronchoalveolar lavage. Identification of P. aeruginosa in lower airway samples was carried out at the Department of Clinical Microbiology, Rigshospitalet, as described previously (Høiby and Frederiksen, 2000) . The genotype of P. aeruginosa was determined by 
Gm r and Ap r indicate gentamicin and ampicillin resistance, respectively.
Sinuses are infection foci in CF airways SK Hansen et al single-nucleotide polymorphism (SNP) typing using the AT-Biochip (Clondiag, Jena, Germany) as described by the manufacturer. Three months of oral ciprofloxacin and inhaled colistin were used to treat patients at first acquisition of P. aeruginosa as well as patients with intermittent colonization. Intravenous treatment was started if recurrent isolate during treatment, mucoid phenotype or increased antibodies occurred. Chronic P. aeruginosa lung infection was defined as the persistent presence of P. aeruginosa in the sputum for 6 consecutive months or less when persistence was combined with the presence of two or more precipitating antibodies against P. aeruginosa (Høiby, 1974 (Høiby, , 1977 . Sample materials from the paranasal sinuses were obtained by functional endoscopic sinus surgery in the ENT Department at Rigshospitalet, Copenhagen. The location and side (left or right) of each sinus sample was noted. Identification and genotyping of P. aeruginosa from the sinus samples was performed as described for the lower airway samples.
Morphotype diversity
The morphotype diversity of P. aeruginosa in the sinus samples was assessed using Pseudomonas isolation agar (PIA; Difco, Lawrence, KS, USA) plates containing ampicillin (100 mg ml À1 ). Sample material was spread and plates incubated overnight (ON) at 37 1C. Colonies were screened using a Zeiss axioplan microscope equipped with a Â 2.5 plan objective. The number of colonies screened from each sinus surgery ranged from several hundred to several thousand depending on the colony-forming units of the samples. Several colonies of each different morphotype were picked, clonally purified on PIA amp plates and frozen at À80 1C after growth ON in LB. The isolates were then re-cultivated on PIA amp plates and the different colony morphotypes were classified by comparing the shape of single colonies grown ON simultaneously on the same batch of plates (as the colony morphologies vary with dryness of plate, crowdedness and other factors). Morphotypes were distinguished based on features such as colony size, color (dark or light), translucent or opaque, surface roughness, surface shape (mountain or flat), line pattern on top, sharp edge or fuzzy edge and form/shape of colony (round, oval and other). As only negligible intra-morphotype differences were present in the tested phenotypes, a representative of each colony morphotype was chosen for further investigations. Morphotype diversity of P. aeruginosa in the longitudinal lower airway samples were assessed as described for the sinus samples with a small modification: after spreading the sample on PIA amp plates, 96 colonies were picked (if possible) and frozen in a microtiter plate at À80 1C. Isolates were re-cultivated to asses morphotype diversity and a representative of each colony morphotype was chosen for further investigations. All unique morphotypes from one patient was assigned a capital letter, which does not correlate between patients, except morphotype M (mucoid) and SCV (small colony variant). All colony morphotypes isolated from the sinuses and lower airways of patient B11, B13, B34, B22, B28 and B42 are listed in Supplementary Table S2 .
Sequencing of mucA and lasR genes. A 687-bp fragment covering the mucA region and an 1300-bp fragment covering the lasR region plus 495 bp upstream were amplified by standard polymerase chain reaction. Primers used for polymerase chain reaction amplification and sequencing of mucA were mucA1fwd (CTCTGCAGCCTTTGTTGCGAGAAG), mucA1rev (CTGCCAAGCAAAAGCAACAGGGAGG), and for lasR were lasRfwd3 (CTGGAAAAGTGGCTA TGTCG) and lasRrev3 (TGCCCTTCCCTATATATCTGC).
Motility assays
All motility assays were performed using (soft) agar plates with ABT minimal medium (Hentzer et al., 2002) containing 0.5% glucose and 0.5% casamino acids. Plates were inoculated from single colonies using a sterile toothpick and incubated at 37 1C. Swimming and swarming motility was assayed on 0.3% and 0.6% agar plates (wt vol À1 ), respectively, incubated for 24 h and twitching motility was assayed on 1.3% agar plates (wt vol
À1
) incubated for 48 h. Maximum diameter of the motility zone was recorded for minimum three replicates per strain.
Quorum sensing
Clinical strains were examined for a metallic iridescent screen indicative of the presence of lasR mutations as described previously (D'Argenio et al., 2007) . Confirmation of a lasR mutation was carried out by polymerase chain reaction and sequencing. Isolates were tested for the presence of C4-HSL signal molecules using pMHRA containing an RlhRregulated rhlA::gfp(ASV) translational fusion (Yang et al., 2009) . 3-Oxo-C12-HSL signal molecules were assayed using pMHLAS containing the lasB:: gfp(ASV)-Plac::lasR monitor cassette (Hentzer et al., 2002) . A lasI, rhlI double mutant of P. aeruginosa (JP2) containing C4 or C12 monitor plasmid was cross-streaked on LB-agar against a clinical isolate in a T-shaped pattern as described previously (Andersen et al., 2001) . The plate was incubated for 24 h before it was examined for green fluorescent protein fluorescence using an Axioplan Epifluorescence Microscope (Carl Zeiss, Copenhagen, Denmark).
Protease assay
Secreted protease production was assayed using the method described in Brown and Foster (1970) . Single colonies of each strain were patched onto LB-agar containing 10% skimmed milk and incubated at 37 1C for 24 h and 48 h. The diameter of the clearing zones surrounding bacterial growth was measured in triplicate experiments.
Biofilm formation
Biofilm formation was examined in 96-well U-bottom polystyrene plates using crystal violet staining (Pratt and Kolter, 1998) . Briefly, ON cultures of P. aeruginosa were diluted 20 times in ABT minimal medium (Hentzer et al., 2002) containing 0.5% glucose and 0.5% casamino acids. A measure of 150 ml of diluted bacterial culture was incubated in the microtiter plates for 24 h at 37 1C. Staining was performed using a 0.02% crystal violet solution for 20 min and optical density measured at 595 nm. Results are representative of two separate experiments with a minimum of seven replicates in total for each strain.
DNA microarray sample processing Transcriptomic profiles of clinical isolates were obtained using the Affymetrix P. aeruginosa gene chip. Cells were grown in beef broth (State Serum Institute, Copenhagen, Denmark) at 37 1C with shaking at 170 r.p.m. Triplicate experiments were performed for each strain. A 50 ml volume of the medium was inoculated with cells from an ON culture to yield a start optical density of approx. 0.1 at 600 nm. A measure of 4 ml cells were harvested at an optical density of approx. 1 at 600 nm. RNA isolation and purification was performed by RNA Protect Bacteria Reagent and RNeasy Mini Kit (Qiagen, Hilden, Germany). RQ1 RNAase-free DNAse (Promega, Madison, WI, USA) was added to remove the contaminating DNA. Processing of the P. aeruginosa GeneChip was performed at the Department of Clinical Biochemistry, Microarray Core Unit, Rigshospitalet. In all, 10 mg of purified RNA was used to synthesize single-stranded cDNA with SuperScript Choice system (Invitrogen, Taastrup, Denmark) with a random primer. DNAse I (Amersham Biosciences, Uppsala, Sweden) was used for fragmentation of the DNA followed by biotin labeling (GeneChip DNA Labeling Reagent; Affymetrix Inc., Santa Clara, CA, USA) The labeled cDNA was then hybridized on Affymetrix P. aeruginosa gene chips and stained on the GeneChip Fluidics Station. The probe arrays were scanned with the GeneChip Scanner 3000. The Fluidics Station and GeneArray Scanner were operated and managed with the GeneChip Operation Software v.1.4.
Microarray data analysis
Microarray data analysis was performed using bioconductor for the R software (http://www. bioconductor.org). Normalization and expression index calculation was carried out with the rma function. A P-value o0.05 and absolute fold change X2 was applied as cutoff values. The fold changes of expression between two strains were calculated as the ratio of the average expression levels (of the three replicates). The annotations and functional classes were assigned according to the Pseudomonas Genome Database v.2 (http://www.pseudomonas.com).
Antibiotic resistance
Minimum inhibitory concentrations (MICs) were estimated by E-test according to the manufacturer's guidelines (AB Biodisk, Solna, Sweden) with minor modifications. ON cultures in LB were diluted with LB to an optical density of 0.5 at 600 nm. A measure of 100 ml was spread with a Drigalski spatula on a predried LB plate. Subsequently E-test strips were carefully placed on the LB plate and MIC values were read after 24 h of incubation at 37 1C. A minimum of two replicates were performed for each strain (if results were not consistent more replicates were performed).
Results
In children suffering from CF, it was previously found that early airway infections with P. aeruginosa can be effectively removed from the lungs by antibiotic treatment, but often the same clones reappeared after months of clearance and it was suggested that subpopulations of the bacteria were hiding in the sinuses (Jelsbak et al., 2007) . The primary hypothesis of this study therefore has been that the paranasal sinuses of CF children constitute a protected environment in which P. aeruginosa may hide to avoid the antibiotics and the immune system of the host, and from this niche subsequent seeding of the bacteria to the lower airways can take place. The hypothesis predicts that children with recurrent intermittent colonization of the lower airways with the same genotype of P. aeruginosa would also be expected to have their sinuses colonized with the same genotype. This hypothesis was tested in several stages: First, by genotyping isolates from the different airway compartments to establish clonal relationships, second to assess the population structure of P. aeruginosa in the airways, third to characterize the developed phenotypes in the different airway populations and finally to find evidence for the direction of migration of the evolved lineages between the airway compartments.
Airway colonization and P. aeruginosa genotyping in intermittently colonized CF patients In a large clinical study investigating the effect of sinus surgery on disease progression, a number of CF patients from the Copenhagen CF Center underwent sinus surgery. The procedures were performed as a standard computer-assisted functional endoscopic sinus surgery, where the maxillary sinuses and the ethmoidal sinuses as a standard were targeted and opened widely. Multiple samples were collected for cultivation including nasal secretions, pus, mucosal tissue, polyps and bone. Colonization and genotype profile patterns of P. aeruginosa in the airways of 45 children enrolled in the Copenhagen CF Center in the period from the beginning of 2005 until conclusion of the study in July 2009 have been investigated. Results are listed for each patient containing P. aeruginosa-positive sputum samples within the study period labeled with sample date and genotype (Supplementary Table S1 ). Genotypes of P. aeruginosa were determined using the AT-Biochip (Clondiag) method based on SNPs (Wiehlmann et al., 2007) . This identification method was further supported by performing pulsed field gel electrophoresis of most clinical isolates, and in all cases identical conclusions concerning clonal relationships were obtained (not shown). The genotypic analysis allowed us to investigate if (1) each patient was colonized by a unique genotype of P. aeruginosa, (2) if the patient carried more than one genotype and (3) if the same genotype colonized both upper and lower airways in the patient.
In concordance with previous reports (Burns et al., 2001; Munck et al., 2001; Jelsbak et al., 2007) , the majority of the children had acquired unique genotypes suggesting initial lung colonization from environmental sources rather than transmission between patients in our CF Center, the latter being restricted owing to cohort isolation (Høiby and Pedersen, 1989) . However, eight specific genotypes were isolated from more than one patient (indicating transmission or common sources of colonization), and 9 of 45 children had more than one genotype isolated from their sputum. On the basis of the colonization pattern and genotype profiles, the CF patients could be divided into three groups: (a) Patients with single or multiple events of short colonization periods (o6 months) followed by eradication. Each colonization event was with a unique genotype. This group includes patients with new colonization events within the last 6 months before conclusion of study. (b) Intermittently colonized patients with multiple recurrent colonization events (usually separated by several months) with the same genotype of P. aeruginosa and a low number of precipitating antibodies (o2) indicating the absence of chronic lung infection (Høiby, 1974 (Høiby, , 1977 . (c) Patients with a rapid development of chronic lung infection with increasing numbers of precipitating antibodies (X2). A total of 31 patients (69%) belonged to group A with successful eradication after aggressive antibiotic treatments, and only three patients (7%) progressed directly to chronic infection (group C). In all, 11 patients (24%) belonged to group B and it is a primary hypothesis here, as suggested by several reports (Munck et al., 2001 (Munck et al., , 2003 Jelsbak et al., 2007; Mainz et al., 2009) that the bacteria were hiding in the paranasal sinuses. At conclusion of the study, 6 of the 11 group B patients had developed chronic infection after a period of intermittent colonization (Supplementary Table S1 ).
Cultivation and identification of bacteria were performed on sample materials from the six group B patients (B11, B12, B22, B28, B34 and B42 (had surgery twice)). We additionally included a young CF patient (B13, had surgery twice) who had been chronically infected for approximately 6 years. Thus, a total of nine events of sinus surgery performed on seven patients are referred to in this study (Supplementary Table 2 ).
The P. aeruginosa genotype (determined as SNP genotype from AT-Biochip assays supported by pulsed field gel electrophoresis) was unique for each patient, and the same specific genotype could be found consistently in all P. aeruginosa-positive sputum samples in each patient as well as in the patient's sinus samples (Table 2 ). Patient B13 is the only exception as three genotypes were present in the sputum samples, of which only two were present in the sinus samples; however, the third genotype was only isolated once from sputum. For six of the seven patients (incl. B13) P. aeruginosa was identified in the paranasal sinus samples. In patient B12, only the left side of the nose was cultured and no P. aeruginosa was found in the cultured sinuses. In the other eight events, both left and right side was cultured, an average of four sinus cavities were cultured, each with several samples and P. aeruginosa was found in all cultured sinus samples.
Consequently, genotype identity exists between the lower airways and the sinuses supporting the hypothesis that the paranasal sinuses constitute a colonized niche in the CF airways. The results further suggest that the sinuses represent a protected environment in which bacteria may survive even after their eradication from the lungs (Low et al., 2001) . Despite the genotypic identity of the isolates derived from each patient, it was noted, however, that upon plating of individual clones, a clear diversity was apparent among the obtained bacterial colonies. It was therefore decided to investigate further this apparent diversity of the bacterial populations.
The paranasal sinuses harbor diverse bacterial subpopulations Colony morphology (morphotype) diversity of the sinus isolates was assessed for each patient by microscopy as described in Materials and methods. Each morphotype could be stably maintained after repeated growth, and the SNP genotype was determined for all variants. All available sputum samples from the lower airways were similarly examined for different morphotypes, and sinus and sputum populations were carefully compared to determine the number of identical morphotypes isolated until the point of surgery (Table 2) . A strain list of all isolates (including morphotypes) is displayed in Supplementary Table S2 , and the morphotype diversity found in two of the patients (B22 and B34) is shown in Figure 1 .
Interestingly, substantial diversification of P. aeruginosa was observed in the sinus cavities. In two patients (B11 and B13), 10 or more morphotypes were found and in average 6.7±2.9 (mean±s.d.) morphotypes per patient were isolated from the sinuses. For the lower airway samples, the observed diversity was in average 5.3±1.2 (mean±s.d.) morphotypes per patient. These numbers most likely represent minimum estimates owing to the partial sample material and limitations in screening method. The overlap of morphotypes between the sinuses and the lower airways was high; on an average 3.2 ± 1.2 (mean ± s.d.) or 59% of the morphotypes found in the lower airways were also cultivated from the paranasal sinuses. Patients B22 and B34 both had three morphotypes shared between the sinuses and the lower airways (Figure 1) . Many of the lower airway morphotypes that were not found in the sinuses belonged to the very early isolates from the sputum. In addition, the population in the left and right sinus cavities on each side of the nose in most patients had evolved into distinct morphotype populations (Table 2 ). In one patient (B28), a few morphotypes were found in both sides, but it is not known if this was a result of cross-contamination during surgery, as in this case the same instruments were used in the right and left sinuses. Patient B13 who was chronically infected at the time of the sinus surgery carried different genotypes in each side of the sinuses, a result that was confirmed at the second surgery 8 months later.
The genotype found in the left sinuses was the only type recovered from the sputum samples until 2006, after which only the genotype from the right sinuses was identified in sputum (Supplementary Table S2 ). The apparent diversity of the P. aeruginosa populations in the sinus samples from the investigated group of patients strongly suggest that evolutionary changes occur, and that some of the evolved morphotypes may be similar to those documented from lung samples. These observations made us hypothesize that the bacteria colonizing the sinuses evolve to become distinct lineages in the CF upper airways, and that these lineages migrate to the lungs, where they may establish and become persistent. In the following sections, we will present data supporting this hypothesis.
Relationships between morphotype, phenotype and genotype The finding that the sinuses and the lower airways are often colonized by identical P. aeruginosa morphotypes suggests that the two compartments harbor highly similar or identical lineages. If the isolates indeed are identical, it would be evidence of transfer between the sinuses and the lower airways. Therefore, phenotypic and genetic profiles of all isolates from patients B22 and B34 were compared. Specifically, phenotypes known to change during chronic infections in CF patients (Mahenthiralingam et al., 1994; Demko et al., 1995; Smith et al., 2006) such as motility, quorum sensing, secreted virulence factors and biofilm formation were analyzed, and the lasR and mucA genes were sequenced The duration of intermittent colonization/chronic infection from first colonization event until first sinus surgery or second sinus surgery in the case of B42 and B13, which had first surgery 9 and 8 months before second, respectively. The SNP genotype is given as hexadecimal code (Wiehlmann et al., 2007) . The total number of colony morphotypes was assessed for the lower airway samples collected until first sinus surgery or until second surgery in the case of B42 and B13.
d
Colony morphotypes found in the samples from sinus surgery includes both first and second surgery for patient B42 and B13.
e Patient B34 was on the transition point from intermittent colonization to chronic infection (by definition) due to six consecutive samples just 1 month before surgery.
f For patient B42, P. aeruginosa was only recovered from the left side of the sinuses at first surgery, but similar types were recovered from both sides at second surgery, possibly a result of cross-contamination by surgical instruments.
g Note, only approx. one isolate per year from 2002 was available for B13 as this patient was included retrospectively.
Sinuses are infection foci in CF airways SK Hansen et al for certain isolates. In general, it was found that each morphotype had a distinct phenotypic profile displaying variable reduction or loss of the analyzed traits (Table 3) . In patient B22, all isolates from the left sinuses had the same insertion mutation in the lasR regulator gene, and all were quorum sensing negative in contrast to the isolates from the right sinuses. In patient B34, the isolates from the right sinuses were mucoid owing to mutations in mucA causing alginate overproduction, whereas the left side isolates were non-mucoid and mucA þ . In patient B22, morphotypes E, F and G were found both in the sinuses and lower airways. The two lower airway isolates, B22-7_F and B22-8_G, were collected within the last 3 months before sinus surgery, and they displayed phenotypic profiles identical to the sinus isolates B22-sin_F and B22-sin_G, respectively (motility and biofilm formation values were within the standard deviation for each morphotype) ( Table 3 ). The IS insertion causing a lasR mutation found in the entire left sinus population was also identified in the lower airway isolate B22-7_F, further suggesting a common origin. The E morphotypes had identical profiles as well, except for an 1.5-fold difference in biofilm formation capacity.
In patient B34, the shared morphotypes were B, M (mucoid) and SCV. All M isolates showed very similar phenotypic profiles with minor differences, which could in some part be due to instability of this phenotype, as it was observed to revert during experiments (DeVries and Ohman, 1994) . However, the last mucoid morphotype isolated from the lower airways before surgery (B34-5_M) was not different Table  S3 ). The sinus and lower airway mucoid isolates all had the same two mutations in the mucA gene (T261C, 262 C insert), except the first mucoid isolate, B34-2_M, which had a one base pair deletion in mucA (585 DA), suggesting that this lineage became outcompeted and possibly went extinct. Both the B and SCV morphotype isolates from the The lasR sequences in B22 isolates compared with PAO1 (WT). The IS element was inserted 4 bp upstream of the coding region in lasR. The mucA sequence in B34 isolates compared with PAO1 (WT). All isolates from B34 had six additional nucleotides (GGGGAC) inserted in position 360, which did not result in mucoid conversion.
Sinuses are infection foci in CF airways SK Hansen et al sinuses and lower airways (B34-4_B vs B34-sin_B and B34-6_SCV vs B34-sin_SCV) displayed identical phenotypic profiles (within the standard deviation). Thus, the morphotypes found in both the sinuses and lower airways of patients B22 and B34 were highly similar or identical at a phenotypic and genetic level documenting transfer between the two compartments. Intra-morphotype diversity seemed negligible as phenotypic profiling of several isolates of the same morphotypes from B22 showed that they were in general very similar, although small differences could occur (data not shown). The strong correlation between morphotypes and phenotypes shows that colony morphologies can be used successfully to screen population diversity, a method that has also been applied in several other studies (Rainey and Travisano, 1998; Boles et al., 2005; Hansen et al., 2007) . The data also suggest that sinus and lower airway isolates from other patients having identical colony morphologies may reflect identical or at least closely related variants, suggesting transfer between the two compartments for these patients as well. Most importantly, however, the phenotypic and genotypic characterization of several isolates indicate that diversification of the sinus bacterial population leads to the development of lineages with the potential of establishing chronic infections also in the lower airways of the patients.
Sinus isolates with increased antibiotic resistance from patient B34
The presence of antibiotic-resistant strains in the sinuses could implicate the sinuses as reservoirs for colonization of the lower airways with pre-adapted strains. Therefore, the level and mechanism of antibiotic susceptibility was investigated for isolates from patient B34 by determining MICs and global gene expression analysis. In these isolates, susceptibility to ciprofloxacin decreased during the infection (Figure 2 ). Isolate B34-2_M, the subsequent mucoid (M) isolates and the SCV isolates were moderately less susceptible than the initial B34-1_A isolate, while B34-sin_MB type isolates were found to be resistant. Notably, the highest levels of resistance for any isolate type were always associated with the sinus isolate of the respective type.
Isolates chosen for gene expression analysis included the first isolate B34-1_A, the last B morphotype before surgery (B34-4_B), the last mucoid isolate before surgery (B34-5_M) and the mucoid sinus isolate B34-sin_M (see Figure 1b for morphotypes and Supplementary Table S3 for gene expression changes). All isolates showed increased expression of the mexCD-oprJ operon, 1.9-2.6-fold for B34-4_B, 1.4-1.9-fold for B34-5_M and 5-10-fold for B34-sin_M relative to the first isolate B34-1_A (Supplementary Table S3 ). Overproduction of the MexCD-OprJ efflux pump is known to reduce susceptibility to antibiotics such as ciprofloxacin (Poole, 2004) . Both MIC and gene expression data indicate that at least two or more separate events of increased ciprofloxacin resistance occurred in the B34 lineage. It is not certain in which part of the airways the increase in resistance evolved, yet interestingly the mucoid lower airway isolate B34-7_M shows no further increase in ciprofloxacin resistance in contrast to what was found for B34-sin_M isolated at an earlier time point. It is possible that the increased level of mexCD-oprJ expression observed in B34-sin_M evolved in the sinuses, and therefore that the increased resistance was selected for in the sinuses. It should also be noted from the transcriptomic data presented in Supplementary Table S3 that genes known to display reduced expression in isolates of P. aeruginosa from chronically infected CF patients (Yang et al., 2011) , such as genes connected to motility, type III secretion and other virulence factors, also showed reduced expression in the B34 sinus isolates, supporting the hypothesis that the sinus populations evolve towards phenotypes associated with chronic infections.
Parallel adaptive mutations in sinuses and lower airways Screening of sinus isolates from all patients revealed the occurrence of mutations and phenotypes, which are frequently observed in CF lung isolates. An intriguing finding was mutations in mucA and lasR and the isolation of SCVs, as these genetic changes are known to promote disease progression in relation to chronic lung infection (Deretic et al., 1995; Haussler et al., 1999; Parad et al., 1999; Hoffman et al., 2009) . To determine the frequency of these mutants in the sinuses, we screened the phenotypes of all sinus morphotypes isolated in the additional patients (Table 4) . Colony morphology ancestor. An increase in resistance was observed for the mucoid isolates, of which B34-sin_M has the highest level of resistance. The B morphotype and SCV found in the left side of the sinuses had increased resistance to the same level as the previously isolated identical morphotypes from lower airways. Patient isolates obtained after sinus surgery are not included. At least two replicate experiments were performed for each strain.
Sinuses are infection foci in CF airways SK Hansen et al studies documented the presence of SCVs in the sinus populations, but CF lung SCV isolates have some additional characteristics besides the small colony form (Haussler et al., 1999; Starkey et al., 2009) . Sinus SCV isolates were therefore further analyzed for these specific phenotypes: clumping in liquid culture, decreased motility, enhanced biofilm formation and antibiotic resistance (Figure 3 ). Susceptibility towards three antibiotics routinely given to the patients, ciprofloxacin, tobramycin and colistin, were tested. Two of the SCVs were less susceptible to tobramycin when compared with the initial isolate, whereas one strain in addition to (B28-sin_SCV) displayed decreased susceptibility to ciprofloxacin. No SCVs displayed increased susceptibility to colistin. As the potential SCVs also displayed clumping, decreased motility and enhanced biofilm formation, it could be concluded that four out of six patients possessed SCVs in the sinus population. Morphotypes that did not produce Abbreviations: SCV, small colony variants. a A morphotype was classified as a SCV when it displayed characteristics as previously described for SCVs: small colony morphology, clumping in liquid culture and greatly enhanced biofilm formation (Haussler et al., 1999 (Haussler et al., , 2004 Only one of the two patients had lost production of 3-oxo-C12-HSL molecules owing to mutation in lasR.
c Minimum one sinus morphotype had lost or was significantly reduced in swimming and twitching motility. 
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B42-sin_SCV Figure 3 SCVs from the paranasal sinuses display similar characteristics as SCVs from chronic lung infection. (a) Colony morphology of first isolate and SCV from patients B34, B28, B42 and B11. SCVs were routinely grown on LB and not PIA amp plates owing to a higher instability on the latter. On PIA amp plates, the morphology of SCVs resembled isolate B42-sin_SCV. (b) Motility was generally reduced or lost in SCVs when compared with the first isolate. Swimming motility was also reduced in all SCVs; however, some activity still remained (except for B34-sin_SCV). Motility zone diameters are presented as mean ± s.d. for at least three replicates. White bars, twitching motility; gray bars, swimming motility; black bars, swarming motility. (c) Biofilm formation abilities in microtiter plates were significantly increased for all SCVs. Data are presented as mean±s.d. for seven replicates. (d) The antibiotic resistance profiles of the SCVs were strain specific. Resistances to ciprofloxacin (black bars) and tobramycin (white bars) were determined by E-test. At least two replicate experiments were performed for each strain.
Sinuses are infection foci in CF airways SK Hansen et al the Las-dependent signaling molecules were only observed in two patients (B22 and B34). In addition to patient B34, a mucoid variant was also present in the sinuses of patient B11, whereas loss or severe reduction in twitching and swimming motility was observed for some sinus isolates from all six patients (Table 3 and Supplementary Table S2 ). The finding of multiple phenotypes associated with chronic CF lung isolates among the sinus populations suggests that these phenotypes are adaptive both in the lower airways and in the sinus environment.
Transfer of P. aeruginosa between sinuses and lower airways The results presented above strongly suggest that P. aeruginosa migrates between sinuses and lower airways, although without addressing the directionality. The fact that most patients have distinct morphotype populations in each side of the sinuses indicate little or no mixing of the two sinus populations. If the sinuses were occasionally seeded and invaded with different morphotypes that had evolved in undetectable populations residing in the lower airways (or oropharynx), one would expect to find mixed and more similar populations in both sides of the sinuses. Sinus surgery also seems to affect the lower airway population as one patient (B22) had no P. aeruginosa-positive sputum samples for almost 1 year and 6 months after sinus surgery, and the following colonization occurred with a new (different) genotype, suggesting a complete eradication of the previous genotype. Patient B42 also did not have recurrent colonizations after the second surgery until conclusion of the study in July 2009, and small reductions in lower airway colonization frequencies were seen for a couple of the other patients (Supplementary Table S1 ). These findings suggest that the sinus populations are intermittently seeding the lower airways, and that removal of these may offer a temporary relief of sinus symptoms and possibly lung colonization events (HK Johansen, personal communication; Jones et al., 1993; Nishioka et al., 1995) . On the basis of colony morphology and other phenotypic characteristics, we have constructed a model for a tentative development of the sinus populations of P. aeruginosa in patient B22 (Figure 4) . According to the phenotypic data, it seems that two different phenotypic lineages were found among the longitudinal lower airway samples, each lineage correlating with a specific subpopulation from the right or left side of the sinuses. The most likely scenario for the evolutionary trajectory of the B22 isolates (Figure 4) shows that in one of the apparent lineages several phenotypes were lost or reduced in a step-wise manner over time, whereas the other lineage is almost unchanged for the tested phenotypes. Probably the two lineages branched even before the first isolate as Figure 4 Reconstruction model of the evolution of sinus populations in patient B22. On the basis of the phenotypic and genetic profile, relatedness of isolated variants from patient B22 could be estimated. All isolates are of identical SNP genotype. The profiles of lung isolates reveal that they likely represent previous stages in the evolution of variants from the sinus populations. The observed evolutionary events of a very common left sinus morphotypes (B22-sin_F) could, for example, be followed in a step-like manner through the longitudinal lower airway isolates. This was also the case in the right sinus population; however, only one major change was observed. Swarming motility was already lost in the first lower airway isolate (B22-1_A), but not in all successive lower airway isolates, suggesting that the first isolate from this patient does not fully represent the first colonizing strain (termed 'WT') and that segregation into each side of the sinuses happened before the collection of first lower airway isolate. As the WT phenotype is unknown, first isolate B22-1_A was chosen as a reference strain for phenotypic comparison, except for swarming motility where B22-6_E was used as reference strain. Each vertical step represents an evolutionary event that occurred at some point before the sample was collected (see timeline) and all major phenotypic changes observed (relative to first isolate) at that point are shown. k, considerably reduced (470%) or lost phenotype.
none of the early evolutionary events are shared. Indeed, the point of divergence of the lineages could be the time of segregation into left and right sinus cavities and hence the divergent phenotypes between each side could reflect evolutionary events actually occurring in the sinuses. The lower airway isolates could consequently represent 'snapshots' of the sinus populations at a given time in accordance with the possibility that migration of P. aeruginosa in the early colonization stages mainly occurs in a downward direction from the sinuses towards the lungs.
Discussion
The initial hypothesis of this study was that the paranasal sinuses of CF patients constitute an alternative colonization site with reduced chances of antibiotic-and immune response-mediated clearance. This was supported by the findings that most CF children carry P. aeruginosa populations in their sinuses, and in all cases studied here the genotypes of these were the same as those colonizing the lungs. Surprisingly, it turned out that the sinus bacterial populations diversify into mixed populations of clonally related variants that migrate to the lungs and establish colonization with pre-adapted lineages, which eventually may result in chronic infection. It is practically and ethically impossible to prove a definite causal relationship between sinus colonization and chronic lung infection, and that the infection originates from the patients' sinuses. However, our study provides arguments, which support the proposition that the sinuses constitute a focus site for early P. aeruginosa adaptive evolution directing the colonization towards chronic lung infection. Some intermittent colonization in CF patients end after aggressive antibiotic therapy as P. aeruginosa cannot be cultured from the sputum upon subsequent microbiological examination. The interpretation of this is that the bacteria are eradicated from the combined airways of the treated patients, and any later colonization events thus derive from new environmental strains. Depending on the success of the treatment regimen, this situation can continue for many years, suggesting that the P. aeruginosa population size and time of residence in the airways do not allow adaptive mutations important for the establishment of chronic infection to evolve. Other intermittent colonization events, however, display a different pattern with multiple recurrent colonization events (usually separated by several months) with the same genotype. In these patients, sinus infections with P. aeruginosa may provide a source for the occasional detection and low number of P. aeruginosa in the sputum samples. Our results show that the second-site colonization events in the sinuses, often being more persistent than those in the lungs, may provide extended opportunities for evolution of the bacteria towards phenotypes, with greatly increased potential of creating chronic lung infections as well. Although it has long been known that the microbiotas of the upper and lower airways are similar in chronically infected CF patients, only a small number of studies have investigated the possibility of cross-infections between the paranasal sinuses and the lungs (Dosanjh et al., 2000; Muhlebach et al., 2006; Mainz et al., 2009) . In a large cohort study, almost half of the patients with a history of chronic P. aeruginosa lung infection also had an infection with the same genotype in the upper airways (Mainz et al., 2009) . Identical genotypes in the sinus and bronchoalveolar lavage (lung) samples have also been recovered from one study of CF children with chronic sinusitis, and the frequency of identical genotypes increased from 9% of children up to 8 years old to 30% of children more than 8 years old (Muhlebach et al., 2006) .
In our study, the sinuses were found to display substantial diversity in the P. aeruginosa population, and in most cases the population had segregated into two distinct populations on each side of the nose. Although we cannot totally exclude that specific subpopulations of bacteria from the lungs are transmitted to individual sides of the sinuses from time to time, it seems unlikely that a specific population in the lower airways would always be transferred to a specific sinus side, in particular during the period of intermittent lung colonization, during which antibiotic treatment effectively removes the lung populations of P. aeruginosa. Therefore, these results suggest that the direction of migration is mainly downwards at the early stages of infection. If it is assumed that recurrent intermittent lung colonization with the same genotype is associated with persistent sinus colonization, ours and other studies show that around 25% of the CF children may begin with a sinus colonization (Munck et al., 2001; Gibson et al., 2003; Doring et al., 2006) , and more than half of all patients will eventually be affected (Mainz et al., 2009 ).The study further shows that phenotypic and genotypic changes observed in sinus isolates of P. aeruginosa are similar or identical to those often reported for isolates from chronic lung infections in CF patients. Several of the mutations and phenotypes that we have observed among sinus isolates, evolved in parallel in the different patients, including those conferring loss of motility and quorum sensing signals (virulence), alginate overproduction, antibiotic resistance and increased biofilm formation (SCVs). (Cabral et al., 1987; Mahenthiralingam et al., 1994; Haussler et al., 1999; Smith et al., 2006; D'Argenio et al., 2007; Starkey et al., 2009; Hoffman et al., 2010) . Most of them are generally thought to be beneficial also in the lung environment through the development of resistance to host defenses and antibiotics or to optimized utilization of available nutrients. The effective removal of lung-associated P. aeruginosa during intermittent colonization of young CF patients and the consequential directional dominance of migration from sinuses to lungs strongly support our proposition that the observed diversity of the sinus-associated bacterial populations is predominantly caused by localized adaptive evolution in the sinuses.
The suggested role of the paranasal sinuses as persistent reservoirs for evolving bacterial populations may be associated with differences in the sinus and lung environments. Although the physiological properties and environment of the paranasal sinuses and conductive bronchi (where the lung infection is mainly residing) are likely to be comparable, as they have similar mucous lining and the same defect in CF transmembrane regulator, some differences in the immune response seem to exist. Lung infection with P. aeruginosa usually elicits stimulation of the innate immune system (inflammation) and an increase in precipitating antibodies against P. aeruginosa (Høiby, 1977) , but the CF children from this study had colonization of the sinuses for long periods without an elevated systemic (immunoglobulin G) antibody response. Instead, it was recently found that immunoglobulin antibodies were prevalent and inflammation low, as also indicated by low numbers of neutrophils associated with the bacteria in the sinus samples (HK Johansen, personal communication).
Another feature of the sinuses is the detention of thickened mucus due to mucosal edema and closing of the sinus ostia (connection to the nose). It is very likely that the nutritional conditions in a partially or fully concealed sinus cavity are different from the lung environment where the sputum is produced and replaced continuously. Airflow into the sinus cavities can be reduced and lower oxygen tension in the sinuses and anoxic conditions on the sinus mucosa are seen in CF patients. These findings can vary from one side to the other of the noses (Carenfelt and Lundberg, 1977; Aanaes et al., 2011) . Hence, bacteria may be locally faced with nutrient limitations and possibly starvation, in particular in some of the smaller cavities such as the ethmoids.
Nutrient limitation including low oxygen tension may be part of the conditions that facilitated the generation of mucoid variants (Terry et al., 1991 (Terry et al., , 1992 in two of six sinus-colonized patients, possibly in combination with other advantages such as biofilm formation and protection from phagocytosis facilitated by the alginate exopolysaccharide (Cabral et al., 1987) and evasion of host defense via downregulation of motility and virulence factors (Rau et al., 2010) . Nutrient availability may also explain, in combination with antibiotic treatment, the selection of the lasR mutant population found in the left side of the sinuses of patient B22. Recent findings have shown that lasR mutants exhibit a dramatic metabolic shift with decreased oxygen and increased nitrate utilization and in addition they display increased resistance to antibiotics such as ciprofloxacin and tobramycin (Hoffman et al., 2010) . Therefore, the lasR mutation is also likely to confer increased fitness in the sinuses.
Partially obstructed sinus cavities lead to reduced access of administered antibiotics, further resulting in lower antibiotic load compared with the lower airways. Sublethal antibiotic concentrations could provide opportunities both for survival as well as sufficient time for evolving increased antibiotic resistance. Altogether, the environment of the sinuses seems to differ from that of the lower airways in several important aspects: The immune response is apparently much weaker in the sinuses, the antibiotic bioavailability is low, antibiotics may be less effective owing to the physiological state of the bacteria in the sinuses and the environmental conditions in the sinuses may stimulate the occurrence of antibiotic-resistant mutants. In essence, what is important for the clearance of intermittently colonizing P. aeruginosa in the CF lungs is only partially functional in the sinuses, providing opportunities for the bacteria to adapt through evolution of resistance mechanisms with severe impacts on subsequent treatment possibilities in relation to bacteria migrating from the sinuses to the lungs.
Our study suggests that the paranasal sinuses can be an evolutionary 'nest' in early colonizations, where the bacteria are diversifying, evolving antibiotic resistance and other phenotypes associated with adaptation to the CF airways in general. From there the population is intermittently colonizing the lungs and may ultimately cause a chronic lung infection. On the basis of our findings, we suggest that the paranasal sinuses could have an important role for some CF patients in the development of chronic lung infection, and that chronicity in such cases is in fact established before it is usually diagnosed in the clinic. A precise localization and diagnosis of the CF airway colonizations and infections are therefore crucial to target treatments. Early diagnosis and successful treatment of P. aeruginosa colonizations in the paranasal sinuses could be an important therapeutic approach to prevent or delay transition to chronic lung infection and ultimately prolong the life of the patients.
